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FIG. 9
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AC-POWERED LED LIGHT ENGINE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of the following US
Provisional applications: Ser. Nos. 61/940,830 (filed Feb.
17,2014), 62/034,540 (filed Aug. 7, 2014), 62/041,192 (filed
Aug. 25, 2014), and 62/056,591 (filed Sep. 28, 2014), where
all of these provisional applications are herein incorporated
by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

The invention relates in general to an alternating current
(AC)-powered light emitting device (LED) arrangement,
and more particularly to an AC-powered LED light engine
that is capable of producing light output with relatively low
flicker while providing the desired high light emitting effi-
ciency and power factor criteria.

Description of the Related Art

So-called AC LED diode products have become popular
because one relatively small, flat module can be joined
directly to an AC power line and will produce light suitable
for many common illumination purposes. The very first such
products consisted of LEDs mounted in antiparallel pairs,
with as many as forty such pairs connected in series.
Typically, a resistor was placed in series with such an
arrangement to provide a more constant (and less voltage
sensitive) light output. Such a prior art arrangement is shown
in FIG. 1. Later, it was found to be more economical to use
a string of single diodes in place of the anti-parallel pairs,
still with a limiting resistor (or later a current-controlled
resistor). In this configuration, a bridge rectifier was also
required to be connected between the two ends of the string
and the AC power line. This type of prior art arrangement is
shown in FIG. 2.

One weakness of such products was that the light was
only produced at the peak of the AC power line, when the
instantaneous power line voltage exceeded the sum of the
forward voltages of the LEDs. This short duration flash,
repeated at 120 Hz, could cause stroboscopic effects and for
some vulnerable persons might even induce epileptic sei-
zures. Technology was then developed in the form of inte-
grated high voltage switch arrays that were used to sense the
AC line voltage, and to cause shorting switches to be closed
across suitable numbers of the LEDs so that the sum of the
forward voltages of the unshorted LEDs at each point in the
power line cycle roughly matched the instantaneous power
line voltage. A schematic of a typical prior art product of this
kind is shown in FIG. 3. These products have proven popular
because they draw a power line current which is roughly
sinusoidal in phase with the power line voltage, resulting in
power factor and total harmonic distortion (THD) numbers
that are pleasing to the utility companies, while driving the
LEDs with a net current that is roughly a half sine wave
waveform. Therefore, instead of the intense light flash at the
peak of each power line half cycle, the light production
(which is proportional to the total LED current) rises
smoothly to a peak during a power line half cycle and then
declines again smoothly to zero before the next power line
half cycle.

However successful these products have been, they have
not found application in the most demanding applications—
such as task lighting, workshop lighting and office lighting.
This lack of success is due, at least in part, to the fact that
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there is still a residual stroboscopic effect in these switch-
controlled arrangements. Although not noticeable by most
people most of the time, this effect can produce headaches
and eye strain if these light sources are used in these task,
workshop and/or office light applications (among others).
This fluctuation of the light at 120 Hz is often referred to as
“flicker” in the lighting industry. The conventional definition
of flicker is the fraction of the minimum point in the LED
current waveform in terms of the maximum (I ) and
minimum (I

max.

) current levels in the waveform, thus:

min
flicker=(l,,ox—Lnin) Lnax*Dnin)-

This definition is useful for low frequency sinusoidal
fluctuations in a waveform. However, defining flicker in this
fashion may not relate well to the perception of the human
eye when extremely rapid fluctuations are present. The
human eye cannot perceive any fluctuations at more than
120 Hz frequency, and even at 120 Hz the perception is
marginal. Therefore, when high frequency fluctuations are
present, the conventional definition of flicker does not
comport to the perception of the human eye. In particular, if
tiny notches of 2 msecs or less are taken out of an LED
current waveform, the human eye cannot react fast enough
to notice them. This is why high frequency pulse width
modulation of LED current is used to produce the perception
of dimming of LED light.

It is clear from the foregoing that there is a need for an
AC-driven LED light engine that can produce light with low
flicker to please consumers, while still having all the attrac-
tive features of the existing AC LED lights. A clue to the
direction from which such a circuit might come was dis-
cussed in a paper entitled “4 Driving Scheme to Reduce AC
LED flicker” by Tan and Narendran, presented at the 2013
SPIE meeting in San Diego. This paper came to the con-
clusion that flicker could be minimized by the combination
of capacitive and resistive drive to LEDs. However, the
authors merely describe a parallel combination of a pair of
bidirectional LED strings, the activation of one string of
LEDs being resistively limited and the activation of the
other, parallel string of LEDs being capacitively limited. The
Tan et al. paper does not provide a practical engineering
solution as to how this could be done.

As described in the Tan et al. paper, the circuit presented
will require either twice or four times the number of LEDs
as the various configurations of the present invention
described hereinbelow. If the AC LEDs proposed by Tan et
al. were replaced with LED strings enclosed by bridge
rectifiers, fewer LEDs would be required, but the gap
between light outputs from each half cycle becomes a major
disadvantage. U.S. Pat. No. 8,569,961 issued to Lee et al. on
Oct. 29, 2013 presents a circuit based upon both resistive
and capacitive coupling, with a principle using cross-
coupled capacitors, but again requires twice as many LEDs
as the present invention.

SUMMARY OF THE INVENTION

While not intending to limit the scope of the claims or
disclosure, in brief summary, the present disclosure and
claims are directed towards an AC-driven LED light engine
which produces light output with relatively low flicker, high
efficiency and high power factor.

The present invention provides an AC LED drive circuit
which uses a minimal number of LEDs and provides both
high efficiency power conversion and either continuous light
output or minimal gaps between light outputs from succes-
sive power line half cycles, resulting in low flicker at 120
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Hz, and a nearly sinusoidal power line current. One embodi-
ment of the invention as described in detail below exhibits
a power factor greater than 0.70.

Four different embodiments of the invention are
described. They all share the general concept that resis-
tively-limited current passes through LEDs at the peaks of
the power line voltage waveform, and in between these
peaks, capacitively-limited current is passed through some
of these same LEDs so that the peak light output from the
capacitively-limited current is comparable to the peak light
output from the resistively-limited current. The net result is
that the LED ripple current is transformed from being a 120
Hz phenomenon (to which the human eye may react at
times) into a 240 Hz (or higher) frequency, which the human
eye cannot perceive. The AC LED current can be continuous
in some of the embodiments and a power factor greater than
0.7 is achieved in at least one configuration of one embodi-
ment of the present invention.

Disclosed and claimed in a first embodiment is an LED
circuit in which the LEDs are arranged in one continuous
string, subdivided for reference into four parts, designated as
substrings A through D from the positive end to the negative
end. Substrings A and B are operated primarily during
positive power line voltage half cycles (and thus referred to
at times as “the positive substrings”), while substrings C and
D are operated primarily during power line negative half
cycles (“the negative substrings™). During the first part of a
positive power line half cycle, segment B is driven into
conduction (i.e., illuminated) by displacement current
through capacitors (the “capacitively-limited” current), and
then starting near the peak of the positive power line voltage
half cycle, both substrings A and B are illuminated via
current that is resistively-limited from the power line (gal-
vanic current). Before the end of the positive power line half
cycle, substring C starts conducting displacement current
from a capacitor which was precharged during the previous
half cycle. As before, close to the peak of the negative
voltage half cycle, substring D is illuminated by virtue of
conducting resistively-limited current (galvanic current)
directly from the power line. In this manner, the current
through substring B is first capacitively limited (displace-
ment current) and then resistively limited (galvanic current).
The same follows (during the opposite half cycle) for
substring C. With repetition of this cycle, LED light con-
tinues to be produced at a relatively uniform level, with only
two brief near zero output points per power line cycle.

Disclosed and claimed in a second embodiment is an
arrangement using the same basic circuit as the first embodi-
ment, but wherein solid state switches are incorporated so
that substring B is shorted out when substring A has started
conducting, and substring C is shorted out when substring D
has started conducting. In this way, the resistively-limited
conduction period is extended to overlap with the subse-
quent capacitively-limited operation. So-called “dead peri-
ods” are essentially eliminated in this embodiment and the
current drawn from the power line is more nearly in phase
with the power line voltage, improving the power factor
while the total LED current remains relatively constant. The
power factor of an AC circuit is typically defined as a ratio
of actual power dissipated by the circuit to the product of its
rms voltage and rms current. The power factor is generally
used as a way to measure how efficiently the AC voltage line
power is being used.

Disclosed and claimed in a third embodiment is a circuit
in which two substrings of LEDs are connected to the power
line by a capacitor at their common point. This capacitor
drives these two substrings like a charge pump, first pulling
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charge out of the one substring and then pushing it into the
other substring. A full bridge rectifier, connected to the
power line, has its output joined to the two ends of the
substrings through resistors. Therefore, at the peak of the
power line voltage waveform, the resistively-limited current
(galvanic current) passes through both substrings. In this
manner, the LED current is continuous and the ripple current
which is present is primarily at a frequency of 240 Hz or
higher. The number and cost of the LEDs used in this
embodiment may be reduced when compared to the first two
embodiments, as a result of including a full bridge rectifier
(i.e., only a “positive” substring pair is required for use with
the rectified current).

Disclosed and claimed in a fourth embodiment is a circuit
containing three sequential strings of LEDs (denoted as o, §
and y) connected to a full bridge rectifier through resistors at
either end, similar to the third embodiment. In this particular
fourth embodiment, capacitors are directly connected
between the respective ends of the LED string and the AC
power line. Diodes connect between the incoming power
line to between substrings o and 3, as well as between
substrings [ and y. LED current consists first of displace-
ment current through one of the capacitors, and then of
galvanic current through one of the resistors. Since the
capacitors are relatively small, the power factor can be
greater than 0.7 as required for US consumer Energy Star
compliance.

Other features and advantages of the present invention
will become apparent from the following description of the
invention that refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified schematic of a prior art light engine
in which a resistor is used to limit the current flowing
through a string of bidirectional LEDs connected to the AC
power line.

FIG. 2 is a simplified schematic of a prior art light engine
in which a resistor is used to limit the current through a
unidirectional string of LEDs connected to a full bridge
rectified AC power line.

FIG. 3 is a simplified schematic of a prior art light engine
in which the AC power line is rectified and fed to a string of
unidirectional LEDs which have an array of switches con-
nected so that the number of LEDs connected to the power
line can be continuously adjusted to match the power line
voltage during the power line cycle.

FIG. 4 is a schematic of a first embodiment of the present
invention.

FIG. 5 shows a comparison of the applied AC line voltage
to the input line current and the total LED current through
all four LED substrings for the first embodiment.

FIG. 6 shows a comparison of the applied AC line voltage
with the summed current through all the LED substrings and
the individual current through each of the four LED sub
strings for the first embodiment.

FIG. 7 shows a comparison of the input line voltage with
the summed LED string currents and the voltage across each
of the bias capacitors utilized in the first embodiment.

FIG. 8 shows a schematic of a second embodiment of the
invention which employs solid state switches to ensure
continuous light output and improved power factor.

FIG. 9 shows the comparison of the applied AC line
voltage with the summed current through all the LED strings
and the individual current through each of the four sub-
strings for the second embodiment as shown in FIG. 8.
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FIG. 10 shows a comparison of the applied AC line
voltage to the input line current and the total LED current
through all four substrings for the second embodiment.

FIG. 11 shows a schematic of a third embodiment of the
invention which is cost reduced by using a full bridge
rectifier to reduce the number of LEDs used.

FIG. 12 shows the comparison of the applied AC line
voltage with the individual currents and the summed cur-
rents through both of the LED substrings for the third
embodiment of FIG. 11.

FIG. 13 shows a comparison of the applied AC line
voltage to the input line current and the total LED current
through both LED substrings for the third embodiment.

FIG. 14 shows a schematic of a fourth embodiment of the
invention, which is cost effective since it uses a full bridge
rectifier and only uses relatively small capacitors so that the
power factor can be greater than 0.7.

FIG. 15 shows the LED current through the individual
LED substrings of the fourth embodiment, compared with
the AC line voltage.

FIG. 16 shows the input and output current waveforms of
the fourth embodiment and also displays the results for the
efficiency and power factor.

DETAILED DESCRIPTION OF THE
INVENTION

As described above, conventional arrangements for driv-
ing LEDs directly from an AC power line may utilize
switches to short out appropriate numbers of LEDs so that
the voltage being applied from the power line at every
instant in time roughly matches the requirements of the
non-shorted elements of the LED array. In accordance with
the various embodiments of the present invention as will be
described in detail below, an alternative approach is pro-
posed, where the LEDs are disposed in series as a single
“string”, and the AC power is initially fed to a fraction of the
LEDs (defined as one or more “substrings”) using displace-
ment current though a capacitor (hereinafter referred to as
“capacitively-limited current”). Then, once the power line
voltage is high enough, a larger number of LEDs is driven
directly from the power line with a resistive type of current
limiting element.

Although only a single capacitor is depicted in each of the
embodiments to drive one subsection of an LED string, it is
to be understood that the principles of the invention could be
extended to use multiple capacitors driving corresponding
multiple subsections of the LED string in succession.

A first embodiment of an AC-driven LED light engine 10
of the invention is depicted in FIG. 4. In this embodiment,
a plurality of individual LEDs 12 are all connected in series
in one continuous string. For purposes of operation, the
string itself is subdivided into four substrings, shown as A,
B, C and D in FIG. 4. Although it is convenient for
manufacturing purposes for each substring to have the same
number of individual LEDs, there may be some circum-
stances where it is advantageous to use different numbers of
LEDs in each substring. In its most general form, LED light
engine 10 can be configured to have any suitable number of
separate LEDs within each substring.

Indeed, in this and all other embodiments the number of
LEDs used in a substring will depend on the forward voltage
of the specific LED devices being used, as well as the
intended power line voltage (for US consumer applications,
generally a 120V power line). By way of example only, the
exemplary substrings of LEDs 12 as shown in FIG. 4 may

10

15

20

25

30

35

40

45

50

55

60

65

6

each include twenty-one individual LEDs (typical when
utilizing commonplace white LEDs with a 120V power
line).

As shown in FIG. 4, the connection between substrings B
and C (denoted as midpoint M) is connected to a first
termination 14 of an AC power line 16, with the two
opposing ends of the string (these opposing ends designated
as X and Y in FIG. 4) connected to the second, opposing
termination 18 of power line 16. In particular, a first end X
of the string is connected to termination 18 through a series
combination of a diode 20 and a resistor 22, and a second
end Y of the string is connected to termination 18 through a
series combination of a diode 24 and a resistor 26.

In accordance with this first embodiment of the present
invention, a first capacitor 28 is disposed across diode 24
and used to apply the changing positive power line half-
cycle voltage across a bias capacitor 30 so that current is
conducted through substring B of LEDs 12, and then back
to power line terminal 14. For the purposes of the present
invention, the term “bias capacitor” is intended to describe
the pair of capacitors utilized in each embodiment to control
(i.e., limit) the capacitively-limited current (displacement
current) that flows through the LEDs at certain points in each
power line half cycle. The bias capacitors are characterized
by the property that they operate as a pair, each associated
with a half cycle of the voltage such that, in general, one is
discharging while the other is charging.

Returning to the description of the embodiment of FIG. 4,
during the changing negative power line voltage half cycles,
a diode 32 is shown and functions to reset bias capacitor 30
during the negative power line voltage half cycle so that bias
capacitor is “ready” for the next half cycle. For the negative
power line voltage half cycles, a capacitor 34 disposed
across diode 20 has a complementary function to capacitor
28, while a bias capacitor 36 has a complementary function
to bias capacitor 30 (in this case, conducting current through
substring C). Similarly, a diode 38 has a complementary
function when compared to diode 32. The collection of
capacitors 28, 30, 34 and 36 act together to constitute a
capacitive means that shapes a distinctive capacitively con-
trolled hump in the LED output current waveform.

At the peak of the positive power line half cycle, resis-
tively-limited current flows directly from the power line,
through diode 20 and resistor 22, along substrings A and B
of LEDs 12, and then back to the power line terminal 14.
This is characterized as “galvanic” or “resistively-limited”
current, as opposed to the so-called “displacement” or
“capacitively-limited” current that flows through LEDs 12 at
other points in the power line cycle. During the peak of the
negative power line voltage half cycle, galvanic current
flows from power line terminal 14 through substrings C and
D of LEDs 12, through resistor 26 and then through diode
24 back to power line terminal 18.

It is to be understood that resistors 22 and 26 could be
replaced, for example, by a single resistor placed between
midpoint M of LED sub strings B and C and the connection
of'diodes 32 and 38, or by a single resistor disposed between
the connection of diodes 32 and 38 and the AC power line
16. Resistors 22 and 26 could also be distributed throughout
the LED substrings and those skilled in the art will see
numerous other ways to implement this resistive means for
providing a functionality to control the resistive-limited
current.

While the above explanation serves to describe the basic
operation of the present invention, there are certain advan-
tages and features of the operation which lead to a relatively
uniform total LED current with only very narrow gaps of no
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conduction. These advantages are explained in association
with the signal plots shown in FIG. 5. In particular, plot (a)
in FIG. 5 shows the waveform of the typical AC input line
voltage and plot (b) depicts the associated input line current.
The summed current through all four substrings A-D of
LEDs 12 (i.e., the total LED current), is shown in plot (c).
Since LED light output (illumination) is proportional to the
LED current at low current densities, this summed current is
accurately representative of the illumination if all four
substrings are identical. It can be seen that the summed LED
current is confined to a relatively narrow range R between
200 mA and 300 mA, except for a sharp, brief 1.5 msec
period P every half cycle. The human eye cannot perceive
such rapid fluctuations and simply perceives this light output
as being smooth and continuous.

A unique feature of this exemplary embodiment of the
present invention is that the reason the gap between half
cycles is so short is because the LED current corresponding
to the “next” power line voltage half cycle commences about
halfway through the descent portion of the “present” voltage
half cycle. This overlap in powering different substrings, in
accordance with the present invention, is the result of bias
capacitor 30 being discharged during the positive voltage
half cycle (where bias capacitor 30 will be recharged during
the subsequent negative voltage half cycle). Similarly, bias
capacitor 36 is discharged during each negative voltage half
cycle and then recharged during the subsequent positive
voltage half cycle. Thus, once a positive voltage half cycle
starts declining, bias capacitor 36 is fully charged and starts
delivering current which will flow through substring C
during the negative voltage half cycle. Once a negative
voltage half cycle starts declining, capacitor 30 (which is
now fully charged) starts delivering current which will flow
through substring B during the positive voltage half cycle.

In FIG. 6 the summed (i.e., total) LED current is plotted
out for comparison with the input line power voltage. The
plots of the LED current passing through each individual
substring A-D are also contained in FIG. 6. As shown, as the
positive line power voltage half cycle starts to rise, the
current through substring B of LEDs 12 rises abruptly and
then steadily declines (with reference, for example to the
current through substring B at 172 msec). There is an
inflection in the declining curve, shown at point I, where the
line voltage peak is sufficiently high to turn on substring A
of LEDs 12. Although the current through substring B of
LEDs 12 continues to decline, the rising current through
substring A means that the summed LED current remains
between 200 mA and 300 mA. By virtue of the symmetry of
this configuration, the same current flows through substrings
C and D occur during a negative line power voltage half
cycle time period.

To explain the sharp rise in LED current once the power
line voltage starts to decline from its peak, it is helpful to
look at FIG. 7. Here, the voltage waveforms across bias
capacitors 36 and 30 are plotted out for comparison with the
AC line voltage, with a plot of the summed LED currents
also shown in FIG. 7. During the positive half cycle, bias
capacitor 36 has become charged to roughly 180V, equal to
the peak of the line voltage. Each of the LED substrings
requires about 73V to be activated. Therefore, when the
power line voltage peak starts to decline, the declining
voltage is conveyed to a first terminal of bias capacitor 36 by
capacitor 34, causing the anode of diode 38 to be pulled to
a more negative voltage, turning on substring C of LEDs 12.
Since bias capacitor 36 is fully charged, any additional
decline in the line voltage peak results in the application of
more voltage across substring C. This results in the LED
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current rising very sharply, making the interval between
conduction periods only about 1.5 msecs. The sharp rise and
fall times of these currents, therefore, is controlled by the
presence of capacitors 28 and 34. Prior art LED light
engines, such as those mentioned above, used simple resistor
and capacitor circuits and as a result were only able to
achieve a 3 msec gap between current pulses, since these
circuits did not charge one bias capacitor while the other bias
capacitor was being discharged.

Exemplary Embodiment

In order to demonstrate the first embodiment of the
invention the following component values were used,
although clearly many variations of these values are possible
within the spirit of the invention. The LED substrings
contained 21 white LEDs. Capacitor 36 and capacitor 30
were 10 puF each. Capacitors 34 and 28 were 7.5 pF. The
rectifying diodes were MUR140 types. Resistors 22 and 26
were 56Q. The power factor of this embodiment was 0.45.

A second embodiment of the invention is depicted in FIG.
8 as an LED light engine 40. Those components of LED
engine 40 that provide the same functionality as LED engine
10 of FIG. 4 are shown by the same reference numeral. What
is different in this particular embodiment is the inclusion of
a pair of current-triggered switches that are placed across
substrings B and C of LEDs 12 and are used to “short out”
these substrings during the resistive-limited current portion
of each half cycle. A first current-triggered switch 42 is
disposed across substring B and is activated to bypass
substring B by when the current through resistor 22 reaches
its peak (positive) value. Similarly, a second current-trig-
gered switch 44 is disposed across substring C and is
activated to bypass substring C when the current through
resistor 26 reaches its peak (negative) value. In this embodi-
ment, therefore, substrings A and D are primarily used to
supply LED current in the peak regions of the AC power line
input, with substrings B and C used to supply LED current
in the transition times between the peaks in the AC voltage
cycle.

Referring now to FIG. 8 in detail, first current-triggered
switch 42 comprises an NPN transistor 46 in series with a
current-limiting resistor 48 across substring B. NPN tran-
sistor 46 is turned on when the current through resistor 22
produces a voltage sufficient to extract a base current from
a series combination of an associated PNP transistor 50 and
resistor 52. When the current through resistor 22 is large
enough, PNP transistor 50 is activated and sends a drain
current through a resistor 54, which will then begin to charge
a capacitor 56. After an RC time delay determined by the
combination of resistor 54 and capacitor 56, capacitor 56
becomes sufficiently charged to drive a base current into
NPN transistor 46 through a resistor 58, turning on NPN
transistor 46 and shorting out LED substring B. As a result,
NPN transistor 46 then pulls drain current through resistor
48, thereby increasing the current through resistor 22, which
started the whole process.

The end result is that transistors 46 and 50 become latched
“on” in a regenerative process until the power line voltage
becomes less than the forward voltage across substring A of
LEDs 12 (i.e., towards the end of the positive half-cycle of
the AC power line voltage). Prior to this threshold-crossing
in the cyclic AC power line voltage, substring C of LEDs 12
has already commenced operation (in response to displace-
ment current through bias capacitor 36, described above),
thus ensuring an overlap between the light outputs from the
two substrings B and C. That is, by virtue of using both a
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galvanic (resistively-created) current and a displacement
(capacitively-created) current, there is no perceptible gap in
the application of energy to the LED:s.

An exactly complementary process takes place within
second current-triggered switch 44 during the negative half
cycles along the AC power line, with a pair of transistors 60
and 62 latching “on” to short out substring C of LEDs 12
later in the cycle. In particular, second current-triggered
switch 44 includes a series combination of PNP transistor 62
and a current-limiting resistor 64 disposed across substring
C. PNP transistor 62 will turn on when the current through
resistor 26 produces a voltage sufficient to extract a base
current through a combination of NPN transistor 60 and a
resistor 66. That is, when the current through resistor 26 is
large enough to activate NPN transistor 60, the current
flowing through transistor 60 will pass through a resistor 68
and begin to charge a capacitor 70. The RC delay associated
with the combination of resistor 68 and capacitor 70 thus
determines the time when capacitor 70 becomes sufficient
charged to drive a base current into PNP transistor 62
through a resistor 72, turning on PNP transistor 62 and
bypassing substring C. Thus, PNP transistor 62 pulls current
through resistor 64 and thereafter increases the current
through resistor 26. As with first switch 42, this action of
second switch 44 results in transistors 60 and 62 becoming
latched “on” in a regenerative process until the magnitude of
the power line voltage becomes less than the forward
voltage across substring D of LEDs 12.

FIG. 9 shows the total LED current for LED light engine
40 of FIG. 8, provided for the sake of comparison with the
current through each of the four substrings A-D. It can be
seen that the current pulses associated with separate pairs of
substrings overlap, in accordance with the inventive use of
both resistive (galvanic) and capacitive (displacement) cur-
rent. Therefore, as shown in the graph of the total LED
current, the average total LED current is about 300 mA, and
the lowest total LED current is 100 mA (which is only
approached very briefly for 1.5 msecs at a time). In FIG. 10,
the input current and total LED current for LED light engine
40 are shown in comparison with the input AC line voltage.
It can be seen that for the configuration of LED light engine
40 of FIG. 8, the input current is more nearly in phase with
the input line voltage than was the case with the first
embodiment (LED engine 10, FIG. 4), as reviewed in
comparison with the diagram of FIG. 5. Thus, the power
factor is improved for this configuration with respect to that
of FIG. 4. Additionally, it is clear that the input line current
waveform as shown in FIG. 10 is closer to a sine wave
(although still somewhat distorted) than the input line cur-
rent waveform associated with LED engine 10 as shown in
FIG. 5.

Exemplary Embodiment

In order to demonstrate the second embodiment of the
invention the following component values were used,
although clearly many variations of these values are possible
within the spirit of the invention. The four LED substrings
each comprised twenty-one white LEDs. Bias capacitors 30
and 36 were each 10 uF. Capacitors 28 and 34 were each 7.7
WE. Capacitors 56 and 70 were 1.0 puF. Diodes 20, 24, 32 and
38 were type MUR140. NPN transistors 46 and 60 were type
BUW40. PNP transistors 50 and 62 were type RCA30C.
Resistors 52, 58, 66 and 72 were 470Q. Resistors 22 and 26
were 75Q. Resistors 54 and 68 were 4.7KQ. Resistors 48
and 64 were 300Q. The power factor of this embodiment
was 0.62.
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A third embodiment of the invention is shown as LED
light engine 80 in FIG. 11. In this configuration, light engine
80 utilizes only a pair of LED substrings, denoted as
substrings [ and II in FIG. 11. At their midpoint M, a
capacitor 82 is connected directly to a first terminal 84 of a
power line connector 86. A pair of bias capacitors 88 and 90
is used to conduct displacement current directly back to an
opposing terminal 92 of power line connector 86. These
capacitors, together with capacitor 82, constitute the capaci-
tive means responsible for producing the distinctive hump
associated with displacement current in the output current
waveform, as particularly shown in FIG. 12.

A set of diodes 94, 96, 98 and 100 comprises a full bridge
rectifier arrangement that provides rectified power to the
opposing ends of substrings I and II through resistors 102
and 104, respectively. In particular, resistors 102 and 104
constitute the resistive means for driving the LEDs. It is to
be remembered, as mentioned before, that various arrange-
ments may be used to provide this resistive means, which
various configurations are considered to be well known to
those skilled in the art. An additional capacitor 106 is
disposed between terminals X and Y, and is used to smooth
the output voltage from the bridge rectifier.

FIG. 12 is associated with LED light engine 80 and shows
the current through each substring I and II individually, as
well as the summed LED current. All of these are shown in
comparison with the AC power line voltage. It can be seen
that the currents from substrings I and II overlap each other,
shown in the shaded regions S of FIG. 12, so that the
summed string current is continuous throughout the line
voltage cycle. As a result of this overlap, the ripple current
present on the summed string current is primarily fluctuating
at a frequency of 240 Hz and above, which is imperceptible
to the human eye. Since this embodiment requires only half
the number of LEDs as the other two embodiments dis-
cussed thus, it is especially cost effective (the reduction in
the number of LEDs attributed to the use of the rectifier). In
FIG. 13, the input power line current is shown by compari-
son with the power line voltage and the summed output LED
string currents. It can be seen that the input current of LED
light engine 80, as shown in FIG. 13, is of a generally
sinusoidal nature.

Exemplary Embodiment

In order to demonstrate the third embodiment of the
invention the following component values were used,
although clearly many variations of these values are possible
within the spirit of the invention. The two LED substrings (I
and 1) each comprised twenty-one white LEDs, capacitors
88 and 90 were each 4.7 uF, capacitor 82 was 5.6 uF,
resistors 102 and 104 were 36Q, capacitor 106 was 3.3 uF
and diodes 94, 96, 98 and 100 were type MUR160. The
power factor of this embodiment was 0.45 (the reduction in
power factor when compared to the second embodiment
primarily the result of the phase mismatch between the input
line voltage and the input line current).

A fourth embodiment of the invention, denoted as LED
light engine 120, is shown in FIG. 14. This embodiment
provides a relatively low-cost configuration, requiring only
between fifty and sixty total LEDs, with efficiency on the
order of 90% and a power factor greater than 0.7 (as is
required for example, for Energy Star qualification in the
United States). Although at first glance LED light engine
120 may appear to be different from the embodiments
described above, a pair of bias capacitors 122 and 124
performs the same function (i.e., energy storage) as bias
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capacitors 36 and 30 of light engines 10 and 40, and bias
capacitors 88 and 90 in light engine 80. Similar to the other
embodiments, these capacitors comprise the capacitive
means that produce the distinctive capacitively-limited cur-
rent hump in the output current waveform. Resistors 126 and
128 perform the same current-limiting function as, for
example, resistors 22 and 26 in LED light engine 10 of FIG.
4, and constitute the resistive means as described herein-
above with the other embodiments of the present invention.

In accordance with this embodiment of the present inven-
tion, a pair of diodes 130 and 132 is used to initially activate
only a fraction of the LEDs 12 (in this embodiment, LEDs
12 are depicted as a set of three substrings, denoted o, f§ and
v). A node N between bias capacitors 122 and 124 is used for
purposes of explanation as a reference or common node,
relative to which voltages in the circuit are judged to be
either positive or negative. Also shown in this embodiment
is a bridge rectifier formed of a set of diodes 134, 136, 138
and 140. As input AC voltage rises at the connection of
diodes 134 and 136, bias capacitor 122 becomes positively
charged (through diode 134 and resistor 126). It is to be
noted that bias capacitor 124 was earlier charged negatively
during a previous half cycle. Therefore, as soon as a slightly
positive voltage appears on the cathode of diode 130, current
will begin to flow through LED substrings [ and vy, thus
discharging bias capacitor 124. Eventually, as bias capacitor
124 becomes discharged, the incoming line voltage has risen
to a sufficient extent that current can now pass through diode
130 and LED substrings f§ and vy, and thereafter through
resistor 128 back into the power line through diode 136.

On the subsequent line voltage half cycle, in which the
voltage on the center point of diodes 134 and 136 is falling,
as soon as the voltage on the anode of diode 132 starts to go
negative, the voltage which is already stored on bias capaci-
tor 122 will drive displacement current through LED sub-
strings o and . As before, at the point where bias capacitor
122 is almost completely discharged, galvanic (i.e., resis-
tively-limited) current continues to flow through resistor 126
to energize LED substrings o and f.

FIG. 15 shows the current through each of the LED
substrings during a power line cycle. Each pulse of LED
current shows the two distinctive halves: a first half in which
the current is capacitively limited (displacement current) and
then a second half in which the current is resistively limited
(galvanic current). The summed LED current waveform
shown in FIG. 15 exhibits the same, distinctive two-hump
pattern as is present in the total LED current waveform of
FIG. 5, confirming that the same basic mechanism is at
work. FIG. 16 shows the input line current by comparison
with the input line voltage. Since the input line current now
changes polarity closer to the line voltage zero crossing than
in the previous embodiments, the power factor is relatively
higher, approximately 0.71, compared to the earlier embodi-
ments.

Exemplar Embodiment

In order to demonstrate the fourth embodiment, a proto-
type used the following components. The LEDs were a total
of fifty-two white LEDs, with substrings o and y each
having thirteen individual LEDs. All the rectifier diodes
were type MUR160, although almost any diode with suffi-
cient voltage and current capability could have served the
purpose. Bias capacitors 122 and 124 were 2.7 uF and
resistors 126 and 128 were 1002 each. With 120V applied,
LED light engine 120 had an input power of 17.5 W, with a
power factor of 0.71. The electrical efficiency was 90%. This
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circuit is particularly attractive for general purpose use
because of the low cost of the components, as well as
exhibiting a power factor greater than 0.7, the latter making
it acceptable for Energy Star consumer purposes.

Although the present invention has been described in
relation to particular embodiments thereof, many other
variations and modifications and other uses will become
apparent to those skilled in the art. It is anticipated that
numerous other topologies can be created using the same
basic principles. The rectifying diodes used could be
Schottky diodes or bipolar diodes. Any of the rectifying
diodes could be made out of LED strings, as well as bipolar
or Schottky diodes. The switches described could be made
using MOSFETs, SCRs, IGBTs or any of the numerous solid
state switches known to those skilled in the art. The detailed
switch triggering mechanism used could be embodied in
numerous ways. The embodiments shown were optimized
for more constant LED current, however by trivial modifi-
cation of the circuit parameters they could also be modified
to give better power factor and THD at the expense of the
uniformity of the LED current. Where LEDs are described
as being connected anode to cathode, it is well known to
those skilled in the art that in each case one LED could be
replaced by a parallel connection of two or more LEDs
having the same orientation, so that if one LED fails then the
other can still conduct current and provide light in order to
enhance the reliability of the assembly. The resistors
described could be replaced by constant current diodes or
other constant current circuits, combined if necessary with
bypass diodes. Alternatively, the resistors could be distrib-
uted in different parts of the circuit; for example, in com-
bination with the LEDs or the rectifying diodes.

It is preferred therefore, that the present invention be
limited not by the specific disclosure herein, but only by the
appended claims.

What is claimed is:

1. A driverless light emitting diode (LED) light engine for
providing illumination from an AC voltage source, the
driverless LED light engine comprising:

a plurality of individual LEDs connected in series as a
single string of LEDs, defined as comprising a plurality
of LED substrings;

resistance means disposed along a signal path including
the AC voltage source and the single string of LEDs;
and

at least two separate bias capacitors connected between
the AC voltage and one or more LED substrings, the at
least two bias capacitors supplying capacitively-limited
current so that at some points in time during an AC
voltage cycle, at least one LED substring receives
capacitively-limited current, and at other points in time
during said AC voltage cycle said at least one LED
substring receives resistively-limited current.

2. A driverless LED light engine having first and second
input terminals connected to an AC power source, the LED
light engine comprising:

a plurality of LEDs connected in series as an LED string
having a first end termination and a second, opposing
end termination, the LED string defined as comprising
a plurality of LED substrings with a midpoint of the
LED string connected to the first input terminal;

a first rectifier diode coupled between the second input
terminal of the AC power source and the first end
termination of the LED string so as to permit current
flow during positive voltage half cycles;

a second rectifier diode coupled between the second input
terminal of the AC power source and the second end
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termination of the LED string so as to permit current
flow during negative voltage half cycles;

a first capacitor connected from a cathode of the first
rectifier diode to an intermediate point on the LED
string between the midpoint and the second termination
so as to be in parallel with a first plurality of LED
substrings; and

a second capacitor connected from an anode of the second
rectifier diode anode to an intermediate point on the
LED string between the midpoint and the first termi-
nation so as to be in parallel with a second plurality of
LED substrings.

3. The driverless LED light engine as defined in claim 2
wherein the light engine further comprises resistive means
associated with the LED string to limit galvanic current from
the AC power source to the LED string.

4. The driverless LED light engine as defined in claim 2
in which a capacitor is placed in parallel with the first
rectifier diode and a capacitor is placed in parallel with the
second rectifier diode.

5. The driverless LED light engine as defined in claim 2
in which at least a third rectifier diode is connected in
antiparallel with an LED substring disposed between a
connection of said first capacitor and the midpoint of the
LED string, and at least a fourth rectifier diode is connected
in antiparallel with a separate LED substring disposed
between a connection of said second capacitor and the
midpoint of the LED string.

6. A driverless LED light engine having first and second
AC power line terminals, the light engine comprising:

a plurality of single LEDs connected in series as a string
of LEDs, the string of LEDs defined as having a first
end termination and a second, opposing end termina-
tion, with a midpoint of the string of LEDs connected
to the first AC power line terminal;

a first rectifier diode connected between the first end
termination of the string of LEDs and the second AC
power line terminal;

a second rectifier diode connected between the second end
termination of the string of LEDs and the second AC
power line terminal, wherein a first half of the string of
LEDs conducts galvanic current during positive power
line voltage half cycles from an AC power source and
a second half of the string of LEDs conducts galvanic
current during negative power line voltage half cycles
from the AC power source;

a first bias capacitor connected across a portion of the
string of LEDs in such a manner as to cause a substring
of LEDs in the first half of the string of LEDs to be
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voltage half cycle corresponding to the galvanic for-
ward conduction of the first half of the LED string; and
a second bias capacitor connected across a portion of the
string of LEDs in such a manner as to cause a substring
of LEDs in the second half of the string of LEDs to be
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illuminated before the beginning of the power line
voltage half cycle corresponding to the galvanic for-
ward conduction of the second half of the LED string.
7. The driverless LED light engine as defined in claim 6
wherein the light engine further comprises resistive means
disposed in series with the string of LEDs so as to limit the
galvanic current from the power line through the plurality of
single LEDs.

8. The driverless LED light engine as defined in claim 6
wherein
the first bias capacitor is connected from a terminal of the
first rectifier diode to an intermediate point between the
midpoint and the second end termination of the string
of LEDs; and

the second bias capacitor is connected from a terminal of
the second rectifier diode to an intermediate point
between the midpoint and the first end termination of
the string of LEDs.

9. The driverless LED light engine of claim 6 wherein the

light engine further comprises

a first capacitor disposed across the first rectifier diode;

and

a second capacitor disposed across the second rectifier
diode.

10. The driverless LED light engine of claim 6, wherein
the light engine further comprises:

antiparallel rectifier diodes connected across selected sub-
strings of LEDs forming the string of LEDs.

11. The driverless LED light engine of claim 6, wherein
the string of LEDs comprises a plurality of four LED
substrings, with a first LED substring and a second LED
substring connected in series between the first end termina-
tion and the midpoint of the string of LEDs, and a third LED
substring and a fourth LED substring connected in series
between the midpoint and the second end termination of the
string of LEDs.

12. The driverless LED light engine of claim 11 wherein
the second and third LED substrings conduct both capaci-
tively-limited and resistively-limited current, and the first
and fourth LED substrings conduct resistively-limited cur-
rent.

13. The driverless LED light engine of claim 12, wherein
the light engine further comprises

a first bypass switch disposed to short out the second LED
substring when the first LED substring is conducting to
prevent resistively-limited current from passing
through the second LED substring; and

a second bypass switch disposed to short out the third
LED substring when the fourth LED substring is con-
ducting to prevent resistively-limited current form
passing through the third LED substring.
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